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Glossary
Genetically modified plant A plant that has been transformed by artificial means with single or multiple genes from another variety or species. Ionic exclusion The ability to maintain low concentrations of toxic ions, such as sodium and chloride, in the plant shoot. Ionic stress The stress imposed on a plant by the accumulation of salts to toxic concentrations in cells, particularly those of the shoot, leading to premature death. Osmotic stress The stress imposed on a plant by the accumulation of high concentrations of salt around the root, which reduces plant growth. Osmotic tolerance The ability of a plant to maintain growth under osmotic stress. Saline soil Soils affected by excess accumulation of salts. Accumulation of sodium chloride (NaCl) on agricultural land has a severe impact on crop yield. Salt tolerant plant A plant with the ability to grow and set seed in saline environments without significant reductions in plant biomass or yield. Selective breeding Where two plant species with desirable phenotypes are bred together in an attempt to produce an offspring with both traits. Tissue tolerance The ability to withstand high concentrations of toxic ions in the shoot by compartmentalizing ions such as sodium, Na + , out of the cytoplasm (i.e., into the vacuole), and accumulating compatible solutes in the cytoplasm to balance osmotic potential.
Definition of the Subject
Plant growth and yield are severely affected by saline soils. High concentrations of salt in the soil make it difficult for plants to take up water, while the accumulated salts in cells, particularly the sodium (Na + ) and chloride (Cl
Introduction
Saline soils have been defined as areas where the electrical conductance (ECe; a means of measuring the concentration of ions in the soil) is greater than 4 dS/m. It is at around 4 dS/m (approximately 40 mM NaCl) that most plants start to exhibit significant reductions in yield [1] . Over 800 million hectares of land worldwide are affected by saline soils; this accounts for more than 6% of the total land area of the world [2] . Most of this saltaffected land has arisen from natural causes, such as the weathering of rocks, which releases a variety of soluble salts including Cl À , Na + , calcium, magnesium, sulfates, and carbonates [3] . Other sources of salt accumulation include the deposition of salts from seawater that is transported by wind and rain, as well as from salts carried in rainwater. It has been estimated that rainwater contains 6-50 mg/kg of sodium chloride (NaCl), which, over time, can result in large-scale salt depositions [1] .
In addition to the natural processes of salinization, farmland areas are affected by secondary types of salinity, which are a consequence of human activities such as land clearance and/or irrigation. This secondary form of salinity results in the raising of water tables and an increase in the concentration of salts around plant roots. Approximately 32 million hectares of the 1,500 million hectares farmed by dryland agriculture are affected by secondary salinity, while 45 million hectares of the 230 million hectares of irrigated land are salt affected [2] . Although it accounts for only 15% of the total cultivated area, irrigated land is twice as productive as dryland agriculture. Consequently, losses of yield which result from an increase in soil salinization in irrigated areas have a disproportionally large effect. Unfortunately, the areas of farmland affected by salinization are increasing and irrigated land is particularly at risk [1] .
The deleterious effect of soil salinity on agricultural yields is enormous. To solve this problem will require a variety of approaches including altering farming practices to prevent soil salinization; the implementation of remediation schemes to remove salt from soils; and programs aimed at increasing the salt tolerance of crop plants, either through traditional breeding, genetic manipulation technologies, or domestication of halophytes, plants that by nature thrive in saline conditions. By increasing crop salinity tolerance, plant varieties can be generated which will grow on marginal saline soils while longer term land management practices are being introduced. However, before crop salinity tolerance can be improved, an understanding is required of the two separate stresses imposed on a plant when it is grown on a saline soil: osmotic stress and ionic stress.
Effects of Salt Stress on Plant Growth
Osmotic Stress Osmotic stress affects a plant as the salt concentration around the root reaches approximately 4 dS/m and results in a rapid reduction in shoot growth [1, 4, 5, 162] (Fig. 1) . Osmotic stress reduces the rate at which growing leaves expand, the rate of emergence of new leaves, and the development of lateral buds. As this stage of salt stress concerns the inability of a plant to maintain water relations, the cellular and metabolic processes involved are similar to those observed in drought-stressed plants [6] . This osmotic stress results in stomatal closure, increased leaf temperature, and inhibition of photosynthesis directly after salt exposure [163] . In dicotyledonous crop species, such as soybean, this stress leads to reductions in the size of leaves and the number of branches [1, 162] , while in the monocotyledonous cereals, such as wheat, barley, and rice, the major effect is a reduction in leaf elongation, number of tillers, and therefore reduced total leaf area [6, 7, 151] .
Salinity stress can also affect root architecture, including primary root and/or lateral root growth [176, 177, 178] . The recovery of growth in the main and lateral roots is at least partially attributed to stress hormone abscisic acid ABA [200] . Moreover, it has been reported that salinity stress detrimentally affects the cell wall mechanical properties [173] . After exposure to salinity, the cell wall in the elongation zone of the root becomes softer, due to sodium ions replacing the load bearing boron and calcium ions that crosslink the individual cell wall components. The cell wall stiffness is restored due to the function of plasma membrane localized receptor kinase FERONIA that is proposed to function in concert with transient increases in cytosolic Ca 2+ [173] .
Although it is the roots that are initially exposed to the saline soil, it is the growth of the shoot which displays a greater sensitivity to salt; root growth recovers quickly even after exposure to relatively high levels of NaCl [4, 8] , different components of root system architecture, such as primary root or lateral roots recover at different rates and to different extent [176, 177] , resulting in altered root architecture [161] . The reduction in leaf development has been attributed to the high salt concentration outside the roots and not to toxic levels of Na + or Cl À within the tissues of the plant [9, 10, 11] . This is supported by experiments where plants demonstrate reduced shoot growth when grown in a mixture of salts which individually are at concentrations below those necessary for ionic toxicity but together cause osmotic stress [7, 12] . The mechanisms underlying this down regulation of leaf growth and shoot development remain unclear, but a decrease in shoot area is likely to reduce water use by the plant, thereby conserving soil moisture and preventing an increase in the soil salt concentration. Increasing Salinity Tolerance of Crops, Fig. 1 The effect of salt stress on the growth rate of a crop plant. Plants experience an immediate reduction in growth rate after exposure to salt as a result of osmotic stress. Overtime, the effect of ionic stress increases as shoot Na + concentrations build to toxic levels. The major symptoms of osmotic stress are closure of stomata, increase the leaf temperature and inhibition in stem elongation while in ionic stress are premature leaf senescence, reduced the crop yields and finally plant death (Adapted from [1]) chloroplasts although this is expensive in terms of expenditure of energy [1] . The decrease in photosynthesis caused by the closure of stomatal pores has the secondary effect, a build-up of reactive oxygen species (ROS) [16, 17] . Reactive oxygen species are high energy forms of oxygen, such as superoxide and hydrogen peroxide, which can damage plant DNA and proteins. These ROS accumulate in plant leaves when the energy absorbed from sunlight by chloroplasts cannot be used to synthesize carbohydrates as there is insufficient CO 2 in the leaf to provide the carbon source. If left unchecked, these ROS can cause significant damage to plants, so cells must produce a range of enzymes, such as superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT), to detoxify and convert the ROS into harmless forms [16, 17] . These detoxifying enzymes are naturally present in plants to protect leaves from sudden bursts of sunlight, such as that which occurs when the sun emerges from behind a cloud, but more must be manufactured in response to salt stress, this again being an energy expensive process.
Ionic Stress
Ionic stress has a slower speed of onset than osmotic stress (Fig. 1) [25] . A reduction in the amount of available cellular K + due to high concentrations of Na + will disrupt protein synthesis [26] . As older leaves have ceased expanding, they cannot use additional water to dilute the salt being transported into them, and this leads to an increase in the senescence of older leaves [162] . Consequently, a failure to exclude Na + from the shoot over time will result in the accumulation of toxic levels of ions leading to premature senescence and leaf death [4, 27] . If the rate of leaf death is greater than leaf production, the photosynthetic capacity of the plant will be reduced, the plant will be unable to supply carbohydrates to any new leaves, and the growth rate of the plant will decrease.
There is also an osmotic component to ionic stress. During ionic stress, Na + and/or Cl À remain when water from the transpiration stream evaporates and can, therefore, accumulate to high concentrations in the leaf apoplast [5, 28] . Na + present in the apoplast interferes with ionic bridges between cell wall molecules, resulting in compromised cell wall stiffness that limits normal cell growth and reduces the cell wall's ability to withstand turgor pressure. In addition, high extracellular concentrations of ions will result in water leaving cells with a consequent severe impact on cellular function. Overall, in comparison with nonstressed plants, salt stressed plants grow more slowly and die more rapidly. It has been estimated that, due to its immediate effect on plant growth, the osmotic stress has a greater impact than ionic stress on the growth rate of a crop [1, 162] . Ionic stress affects plants only at a later stage and has a lesser effect than osmotic stress, particularly at moderate salinity levels. Only when salt levels are high or if a plant is extremely salt sensitive will the ionic effect be greater than the osmotic.
Variation in Plant Salinity Tolerance
Plants vary widely in their response to saline soils. Many show reduced rates of growth and yield, while others, such as the salt tolerant saltbush (Atriplex amnicola), only reach an optimal growth rate when a moderate level of salt is present [1, 34] . Depending on their sensitivity to saline soils, plants can be divided into two groups: the salt sensitive glycophytes, which are relatively easily damaged by salt; and the salt tolerant halophytes which can tolerate, and may even require, high concentrations of salt in the soil. Indeed, the halophytic saltbush has been shown to survive at concentrations of salt similar or higher than that of seawater [34] . It has been estimated that only 2% of plant species are true halophytes, while the majority of species, including most crops, are glycophytes [35] . Within the monocotyledonous cereals, rice (Oryza sativa) is one of the most salt sensitive [36] [37] [38] [39] and shows a significant decrease in growth and yield when exposed to moderate levels of NaCl. By contrast, barley (Hordeum vulgare) is significantly more salt tolerant [1, 40] . While not as tolerant as barley, the hexaploid bread wheat (Triticum aestivum), which contains the genomes of three different wheat species (AABBDD), is moderately salt tolerant and is able to exclude 97-99% of Na + entering the shoot. The tetraploid durum wheat (T. turgidum ssp durum), which has the genomes of two species (AABB), is more salt sensitive than bread wheat as it lacks genes for salinity tolerance found on the bread wheat D genome and can exclude only 94-95% of the Na + entering the root [6, 30] . In durum wheat, there is a clear deleterious relationship between the amount of Na + that accumulates in its shoot and the yield of the plant: the higher the Na + concentration, the lower the yield [41]. The variation in salinity tolerance of dicotyledonous crop species is even greater than that observed in the cereals. On a scale of salt sensitivity, sugar beet has been reported as salt tolerant, cotton and tomatoes intermediate in tolerance, and chickpea, beans, and soybean as sensitive to salt [42, 43] . Quinoa, which is considered as a potential new crop, exhibits high salinity tolerance [164] . It has been shown that some varieties of Chenopodium quinoa grow better in 300 mM of NaCl compared to 0 mM NaCl although there was no significant in the accumulation of Na + in their roots or shoots [164] 
Mechanisms of Salt Tolerance
Osmotic Tolerance Osmotic tolerance refers to the ability of plants to maintain plant growth and water uptake after an increase in Na + accumulation around the root. Osmotic stress rapidly reduces the expansion rates of shoots and roots. It also results in the closure of stomatal pores. Plants that are more tolerant to osmotic stress exhibit rapid growth recovery accompanied by a relatively small reduction in transpiration rate [168] and photosynthetic activity [163] . This would be desirable in irrigated farmland where water is not limiting but may be problematic in dryland agricultural systems if the soil water content is depleted before the end of the growing season.
Although it was thought that considerable variation for osmotic tolerance may exist within crop species, until recently this was not easily measured. The estimation of growth rates requires daily measurements of leaf growth or measurements of stomatal conductance [7, 41, 45, 46, 47] . These methods are usually either time consuming or have required destructive measurements of plant material to ensure accuracy. Nondestructive measurements have dramatically advanced our understanding of salt stress physiology. Digital images taken of the plants throughout time are currently allowing measurements of the plant relative growth rate immediately after exposure to salinity and, hence, measure osmotic tolerance. Variations in osmotic tolerance, based on the relative plant growth rate, have now been observed in rice [168] , barley [181] , durum wheat [45, 49] , bread wheat [189] , and in wild relatives of wheat, such as T. monococcum which is a modern day variety of the plant which donated the A genome to both durum and bread wheat [48] .
Application of new imaging techniques, including infrared, fluorescence, and hyperspectral imaging, is now being applied in highthroughput phenotyping setups. Those advanced imaging technologies can be used to estimate plant growth and the effects of salinity on this parameter [48, 151] , but also stomatal conductance [49], photosynthetic efficiency [163] , and levels of carotenoids [165] . In the future, new ways of analyzing and modeling the data, such as the development of algorithms for tracking individual leaves through time, will allow even more in-depth phenotyping of plants using current and future imaging technologies. The combination of new technologies and new analysis tools will help scientists research other salinity tolerance mechanisms which are currently beyond our ability to characterize. Further genetic studies will reveal new genetic components and processes contributing to osmotic tolerance present among the wild relatives of our elite crop cultivars. 
Ionic Tolerance
Generation of Salt Tolerant Crops
Salt tolerant crop plants may be generated once there is a clear understanding of the mechanisms underlying salinity tolerance and of the variation between plant species in effecting such mechanisms. Once identified, the benefit of introducing these salinity tolerance mechanisms into crops must be considered. For example, there would be a little point in introducing into a cereal the salinity tolerance mechanisms from a slow growing highly tolerant halophyte if that mechanism involved a slow growth phenotype which would result in the cereal taking years to reach maturity. In addition, a salt tolerant crop plant must do as well as a sensitive plant when grown in the absence of salt. A high yielding salt sensitive crop which shows a 50% yield reduction under salt stress will still be of greater value to a farmer than a salt tolerant variety which displays little reduction in yield but which produces only 40% as much grain as the salt stressed sensitive variety in the first place.
Crop plants developed to have increased tolerance to both ionic and osmotic stresses would be able to grow at productive rates throughout the life cycle, and the severe losses of yield experienced for most crops growing on saline soils would be reduced. It should also be noted that it might be necessary to develop crop plants with a range of different salinity tolerance mechanisms depending on the environment in which the plants will grow. Crops grown by dryland agriculture may benefit particularly from possessing tissue tolerance mechanisms, as the accumulation of high concentrations of ions within the vacuoles of the plant cells may assist the plant in obtaining more water from the soil. By contrast, an osmotic tolerance strategy, combined with Na + exclusion, may be more beneficial to crops grown under irrigation so that water availability is not an issue, but the Na + content in that water may be high. It has been observed that the most salinity tolerant Australian barley have multiple mechanisms for tolerance [181] .
Two approaches may be taken to improve the salt stress tolerance of current crops: the exploitation of natural variation in salinity tolerance between different varieties and species of crops; or the molecular breeding technologies to increase salinity tolerance. Both approaches have advantages and disadvantages as discussed below.
Exploitation of Natural Variation
For many crop species, there exists large natural variation in salinity tolerance mechanisms, with some lines and varieties producing significant yields under salt stressed environments. The screening of 5,000 accessions of bread wheat led to the identification of 29 accessions which produced seed when grown in 50% seawater [ [65, 66, 185] . The selection and breeding of these salt tolerant varieties with the current elite varieties grown by farmers would be a step forward in the generation of salt tolerant plants.
The selective breeding of lines with desirable salt tolerance traits with those lines possessing desirable traits for yield is an approach for generating salinity tolerant crops that has been practiced for thousands of years. One limitation with this approach is the time and space necessary to grow offspring from these crosses, test their salinity tolerance, obtain viable seed, and then repeat the crossing with a parent to produce the next generation. To overcome this limitation, there are molecular technologies that have been developed to add value to those approaches. Different varieties and species have different DNA sequences. The difference between the DNA may be subtle, such as between varieties of the same species where there may be a single nucleotide change in the coding sequence of a gene, or the differences can be extreme, such as the gene duplications or deletions observed between species. Modern molecular techniques enable the detection of these differences between individuals, varieties, and species and allow the design of molecular markers, which recognize specific differences in the DNA between two individuals. Using these molecular markers as DNA landmarks, it is possible to produce a map of plant chromosomes, which can be divided into regions. By finding differences in regions of DNA between two varieties of plants and then observing the phenotype of the offspring produced by breeding the two original varieties, it is possible to identify regions in DNA linked to that phenotype. These regions are often called quantitative trait loci (QTL). By identifying two different plant varieties with differences in salinity tolerance and by observing molecular markers that are different between the two parents, it is possible to identify QTL linked to salinity tolerance by screening their offspring. As salt tolerance is a complex trait, both genetically and physiologically, it is not uncommon to observe several QTL associated with tolerance.
QTL . Once a QTL has been discovered, the plant that contains an important piece of DNA for salt tolerance can be bred with salt sensitive varieties to introduce into them the salt tolerant phenotype. As a molecular marker will be linked to the QTL, it is not necessary to screen every offspring produced from this cross with a salt sensitivity assay, rather, it is possible to identify which of the offspring have the piece of DNA important for salt tolerance by screening for the molecular marker linked to the salt tolerance QTL. While this does not necessarily speed up the length of time it takes an individual plant to reach maturity, it does reduce the necessity to screen hundreds of plants in saline conditions looking for those that are salt tolerant, so that more focus can be placed on breeding tolerance traits into crops.
While one approach is to identify a variety of a crop with good salt tolerance and then cross it to other members of that species, a second approach is to introduce salt tolerance traits from related species or near-wild relatives.
Bread wheat and durum wheat are two separate plant species, but because of their genetic background there is the possibility of breeding these two species together to exchange valuable traits. Durum wheat is a tetraploid (AABB) containing two genomes from an ancient ancestral cross, the A genome and the B genome. Bread wheat is a hexaploid (AABBDD), with the same A and B genomes as durum wheat and also a third genome, the D genome [80] . It is possible to breed a bread wheat and durum wheat together to produce a pentaploid hybrid offspring, which has an AABBD genome. During sexual reproduction, there is the possibility of the chromosomes from the different wheat backgrounds to swap DNA, a process called recombination, thereby transferring genes from bread wheat to durum wheat and vice versa. Importantly, however, only chromosomes from the same genome can recombine, i.e., durum genome A with bread genome A and not durum genome A with bread genome B. By crossing this offspring with either bread wheat or durum wheat, it is possible to re-obtain tetraploid durum wheat and hexaploid bread wheat, only now containing genes from the other species. This has been done successfully to transfer disease resistance genes [80] and could be used for transferring salt resistance traits between the two species. Although difficult, because durum wheat contains no D genome, it is possible to introduce genes from the bread wheat D genome into durum wheat; however, a special wheat plant, with a mutation that affects the way in which chromosomes align in recombination, is required [81] . This technique was used to transfer the K + /Na + discrimination locus Kna1 from chromosome 4D of bread wheat to chromosome 4B of durum wheat [82] . This new durum wheat line was able to maintain a high K + /Na + ratio in the leaves [82, 83] , thereby increasing its salinity tolerance. However, there was no significant difference in grain yield between durum plants with the bread wheat Kna1 and those without, perhaps due to a yield penalty imposed by having a large section of the bread wheat D genome in durum wheat. Unfortunately, no agronomically acceptable durum variety containing the bread wheat Kna1 locus has been released [80] .
In addition to looking for variation in plant salt tolerance in current cultivars, there is the possibility of introducing salinity tolerance traits to crop from their near-wild relatives. These species may have been evolving in areas of high salinity, away from the selective pressures inflicted on domesticated crops. It is, therefore, likely these relatives have developed novel salt tolerance mechanisms which might be introduced into current crops. This approach is not new and there have been many attempts to introduce genes from salt tolerant wild relatives to current salt sensitive crops. T. urartu (AA) is the modern-day ancestor of the species that gave rise to the A genomes of durum and bread wheat. Both T. urartu and other closely related A genome species, such as T. monococcum spp. monococcum and T. monococcum spp. aegilopoides, show greater Na + exclusion than durum wheat [80, 90] . Lines of T. monococcum also show great variation in both osmotic and Na + tissue tolerance [48] and are, therefore, a potential source of novel genes for salinity tolerance. It is possible to cross these species with durum wheat and transfer salinity tolerance traits. One success story of breeding a salinity tolerant crop has been the introduction of a Na + exclusion trait into durum wheat from a near-wild relative T. monococcum. Screening of multiple durum wheat lines for Na + exclusion from the shoot identified a durum landrace, line 149, with significantly lower shoot Na + than cultivated durum [59] . It was discovered that Na + exclusion in these lines was controlled by two major genes, Nax1 and Nax2, which had been introduced into durum from a cross with T. monococcum [91] . These two genes have been introduced separately into the Australian durum wheat Tamaroi with saline field trails demonstrating the presence of Nax2 reduces the Na + shoot accumulation and increases the grain yield of durum wheat by 25% [154] . However, there is no yield penalty from the Nax1 locus but this genetic information can be used for improving salt tolerance in bread wheat [155] .
Another wild relative source for wheat is from Aegilops tauschii, which is the modern-day version of the species that donated the D genome to bread wheat -there appears to be no modern-day equivalent of the B genome [80] . The use of wild relatives in breeding programs remains controversial as few salt tolerant crops are released through this approach [39, 189] Wheat was one of the earliest crops to be crossed with halophytic wild relatives but over 25 years have elapsed since that initial cross, and no new tolerant varieties has yet been released to farmers [39] . However, a report of significant yield advantage in a saline field site of durum wheat plants incorporating a Na + -excluding locus, Nax2, from T monococcum appears to be particularly promising [94] .
A considerable disadvantage with introducing salinity tolerance traits into crops which are already well adapted for cultivation is the introduction of undesirable traits encoded by genes, which may be physically close to the desirable gene for salinity tolerance in the plant genome [80] . This is a particular problem when breeding current crop varieties with wild relatives, as cultivated crops have been designed by breeders for thousands of years to have desirable traits such as high grain yield, appropriate height, and disease resistance. When new traits are introduced into crops by breeding, it is not possible to introduce only the gene responsible for that trait. The piece of DNA introduced from the wild relative can be quite large and will contain many genes, for most of which the functions are unknown. If these genes have an undesirable effect which impacts on the agricultural value of the crop leading, for example, to lower yield or cause incorrect flowering time, the crop will be of no value to a farmer. This phenomenon is known as linkage drag [39, 80] . It is possible to reduce the size of the DNA insertion from the wild species by breeding the line with a cultivated crop as, over time, fragments of the wild species' DNA will be replaced by that of the cultivated crop. This process, however, can take many generations and requires the breeder to have a molecular marker specific to the Na + tolerance gene that has been inserted into the genome; otherwise this gene also would be lost [80] . Recent developments in precision breeding in combination with reducing generation time, through speed breeding [185] [186] [187] , will aid the development of salt tolerant crops by considerably reducing the length of time it takes to introduce a desired trait into a crop. Speed breeding involves growing plants under stressful light and watering regimes to shorten time to flowering [185] . Combined with embryo rescue, where an embryo is removed from a developing grain, speed breeding can dramatically reduce the time from going from seed to seed. In recent years, it is possible to produce six generations of spring wheat (Triticum aestivum, durum wheat (T. durum), barley (Hordeum vulgare), chickpea (Cicer arietinum), and pea (Pisum sativum) per year, instead of the current two-three generations using traditional breeding [185] .
Molecular Breeding Technologies to Generate a Salt Tolerant Crop
Transgenic approaches are attractive in the generation of salinity tolerant plants, as the sequences of genes known to encode proteins involved in salinity tolerance can be artificially introduced directly into the target variety, without the compounding effects of bringing in multiple, and often undesirable, genes through traditional breeding approaches. In theory, the transformation of commercially relevant crop plants directly with genes for salinity tolerance would help to reduce the time required before farmers can use these crops in the field.
There are numerous possibilities for generating transgenic crops with increased salinity tolerance, either by introducing novel genes for salinity tolerance into crops from other plant species or by altering the expression of existing genes within the crop (see Fig. 2 While there have been reports showing an increase in the salt tolerance of plants expressing NHX genes, there are also studies where no link was found between enhanced NHX expression and salinity tolerance. No link could be found between NHX1 and NHX2 expression and salinity tolerance in three cultivars of barley [190] , while transgenic barley expressing AtNHX1 were found to have no significant increase in salinity tolerance under the conditions tested [191] . These observations, combined with recent reports that NHX proteins preferably transporting K + rather than Na + [166] , make the role of NHXs in plant salinity tolerance ambiguous [152] .
Other proteins that are directly responsible for the transport of Na + into the vacuole, but rather ones that use the energy released from the breakdown of the high energy molecule inorganic pyrophosphate (PPi) or (ATP) to initiate an electrochemical potential difference for H + across the tonoplast that can be used by antiporter transporters, such as NHXs, to move ions into the vacuole [194] (Fig. 2) transgenic bentgrass expressing the AtAVP1 gene was not greatly affected when grown on 100 mM NaCl and was able to survive salt stress of 200 and 300 mM NaCl, levels that are severely reduced the growth of wild type bentgrass [123] . In addition to enhanced shoot biomass and the ability to accumulate high concentrations of Na + in the shoots, other beneficial phenotypes have been observed in plants expressing pyrophosphatases, including increased root biomass and therefore increased water uptake [193] , increased grain yield in barley [192] , and increased fiber yield in cotton [193] . There are reports of transgenic plants performing better than wild type controls in optimal conditions [194] .
In addition to the success in generating salt tolerant plants using genes involved in the mechanisms for sequestering Na + in the vacuole, transformation of plants with genes controlling other processes, such as exclusion of Na + from the plant, has also been successful. Other candidate genes for increasing the salinity tolerance of crop plants include members of the Salt Overly Sensitive (SOS) pathway.
Many aspects of plant growth, development, and responses to environmental stresses are mediated by the calcium ion (Ca 2+ ) as a secondary messenger signaling molecule. The external cue is first perceived by receptors on the plant cell membrane and this then activates a signaling cascade, using calcium, which regulates the activities of proteins and gene expression [124] [125] [126] [127] . The SOS pathway mediates the response of a plant cell ä ä
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Salinity Tolerance of Crops, Fig. 2 Intracellular location of proteins in a plant which are encoded by candidate genes for transformation into transgenic crop plants. NHX1 is a transporter, which is involved in the compartmentation of Na + /K + into the vacuole by swapping a cytoplasmic Na + /K + ion with a vacuolar proton (H + ). AVP is a proton pump that uses the energy released from the hydrolysis of PPi to move protons into the endodermis or the vacuole. These protons can then be used by transporters such as NHX to transport Na + /K + into the vacuole. HKT proteins are involved in the transport of Na + from the extracellular space (apoplast) into the cytoplasm. In the salt overly sensitive (SOS) pathway, high concentrations of Na + are detected by a membrane bound salt sensor, which results in the release of Ca 2+ to the cytoplasm. This cytoplasmic Ca 2+ binds to the calcium binding protein SOS3, which activates the protein kinase SOS2. Together SOS3 and SOS2 activate the Na + transporting ability of the SOS1, which moves Na + out of the cell. Anion transporters, such as Cl À transporter AtNPF2.5, are localized to plasma membrane and play a role in Cl À efflux from root to soil, while others, such as AtNPF2.4 and AtNPF7.2, are involved in Cl À xylem loading and retrieval, respectively. To balance osmotic pressure, plants accumulate compatible solutes such as proline, glycine betaine and sucrose, in the cytosol of cells. To detoxify dangerous reactive oxygen species (ROS) they use a variety of enzymes includingsuperoxide dismutase (SOD), ascorbate peroxidase (APX) and catalase (CAT). (Adapted from [174, 200]) to salinity stress. The SOS pathway was so named due to the extreme salt sensitivity of plants, which had mutations in key genes of this pathway [128] . Initially, three genes from these mutants, AtSOS1, AtSOS2, and AtSOS3, were identified in Arabidopsis as being important in salinity tolerance [129] . It should be noted, however, that the SOS name refers to a specific salt sensitive phenotype and that the genes sharing the same SOS identifier are unrelated to each other. Indeed, the proteins encoded by these genes are quite different: AtSOS1 is a plasma membrane Na [195] , and rice [133] . In all of these species, the genes involved in the SOS pathway have been shown to be significantly upregulated under salt stress, particularly in the plant roots. This would make them ideal as candidate genes for transformation into transgenic crops to increase salinity tolerance.
Arabidopsis plants that were engineered to constitutively express the AtSOS1 gene had significantly increased salinity tolerance, showing greater biomass, increased chlorophyll retention, and reduced concentrations of Na + in the shoot when compared to wild type plants when grown under high saline conditions [134] . Importantly, these plants were reported not to suffer any growth penalty when grown under nonstressed conditions. The increase in the salinity tolerance of the transgenic plants was attributed to them having a greater efflux of Na + at the cellular level when compared to control plants.
While the above examples have focused primarily on the ability to manipulate the transport of Na + through a plant or cell, it is also possible to manipulate the movement of Cl À through a plant to enhance salt tolerance. The Nitrate transporter 1/Peptide Transporter family 2.4 gene (NPF2.4) was found to be expressed in root stellar tissue and involved in the loading of Cl À into the xylem [196] . Knocking down the expression of this gene using an artificial micro-RNA (amiRNA) results in plants with reduced Cl À accumulation in the shoot of Arabidopsis plants [196] . Taking a similar approach in those crops where Cl À is more toxic than Na + may enhance their salinity tolerance.
It is not always necessary to generate a salt tolerant plant by altering the expression level of a gene that encodes a transporter of ions. The salinity tolerance of a plant can also be increased by overexpressing genes encoding molecules that are involved in signaling or in activating genes. Overexpression of the transcription factor Alfin1 in alfalfa resulted in plants with increased root and shoot growth under both control and salt stressed conditions [135] . Enhanced expression of genes involved in signaling pathways, such as those encoding calcium binding CBL proteins and the protein kinase CIPKs, increases the salt tolerance of Arabidopsis, rice, poplar, and tobacco [136-139, [215] [216] [217] , presumably through enhancing the signaling response of the cell when it is under salt stress. However, the way in which some genes contribute to overall salt tolerance remains unclear. Transgenic tomato that had been transformed with the yeast gene HAL1 showed increased salt tolerance under stressed conditions but had reduced shoot weight when grown in control conditions, significantly lower than nontransformed plants [140] . This demonstrates that there remains significantly more to understand about the timing and regulation of genes in planta before a transgenic salt tolerant plant can successfully be produced.
When generating transgenic plants, it is important to consider the type of promoter used to control the gene of interest. Certain genes that have been identified as important for plant salinity tolerance have nevertheless not been shown to increase the salinity tolerance of genetically modified plants when constitutively overexpressed. For example, although the HKT gene family has been shown to be important in salinity tolerance, the constitutive overexpression of an HKT gene was found to have a detrimental effect. (Fig. 2) . Evidence for this function has now been found in a number of plant species in addition to Arabidopsis, such as rice [70] , barley [200] and wheat [72, 73, 160] . Both naturally occurring ecotypes and mutant lines of Arabidopsis, which have reduced expression of this gene, show increased shoot Na + accumulation [75, 102, 146, 147]. However, constitutive overexpression of this subfamily 1 HKT gene also results in higher concentrations of Na + and salt sensitive plants [77] . As HKT proteins move Na + into cells, the increased salt sensitivity of constitutive overexpressing plants may be due to the fact that when the gene is expressed throughout the plant, the protein encoded by the gene transports more Na + from the soil into the root, resulting in more Na + being transported to the shoot in the transpiration stream. Expression of this gene only in the cells surrounding the xylem would result in a plant being more efficient in retrieving Na + from the transpiration stream. Plants consist of multiple tissues and multiple cells. Each tissue is adapted for a specific purpose -roots for nutrient uptake, leaves for photosynthesis, stems for support -and, therefore, will not necessarily express the same genes. Genes responsible for the maintenance of photosynthesis in the leaves will not be expressed in the roots, and genes for nutrient uptake from the soil will not be expressed in floral tissue. Similarly, not all genes in a plant are expressed all the time; many genes are activated only when required. When growing in nonstressed environments, there is little point in a plant using critical energy supplies to generate and maintain proteins important for salinity tolerance. It is unsurprising, therefore, that the continuous expression throughout a plant of a gene important for salinity tolerance, such as AtHKT1;1, often results in detrimental effects [77] . A critical feature in the generation of crops engineered to have increased salinity tolerance is the spatial and temporal control of the transgene that has been introduced.
Transgenic Arabidopsis plants have been produced with cell-specific expression of the AtHKT1;1 gene in the root cells surrounding the xylem [148] . Unlike plants with constitutive overexpression of AtHKT1;1, these cell-specific plant lines showed a significant reduction in shoot Na + and increased salt tolerance [148] . However, in the recent studies, HKT1 was also described to have a negative impact on the development of lateral roots under saline conditions [167] .
In a different approach, rice plants designed to overexpress a gene involved in the synthesis of trehalose only when the plants experienced stress exhibited reduced shoot Na + concentrations and better growth in saline conditions than nontransformed plants [149] . Trehalose is a sugar involved in protecting cells from long periods of desiccation and possibly aids salinity tolerance through an ability to scavenge reactive oxygen species, thereby protecting cellular proteins [39] ; however, plants with constitutive overexpression of genes for trehalose synthesis display severe stunting [150] . The use of a stress-inducible promoter is, therefore, an important control to minimize growth inhibition of transgenic plants when grown in nonstressed environments. The focus now is the identification of gene promoters (sequences of DNA which are used to activate genes) that allow the cell-and temporal-specific expressions of genes in crops.
In addition to the fine control of genes transformed into transgenic crops, there is also the need to identify gene combinations, which may have the potential to increase crop salt tolerance. As has been observed, plants employ multiple salinity tolerance mechanisms to survive saline soils, all of which rely on a variety of different genes and proteins. It seems unlikely, therefore, that the generation of a successful commercial salt tolerant crop will be achieved by the constitutive overexpression of one single gene. Some research promoting salt tolerance in plants focuses either on boosting the intracellular salt-sequestering processes or on the Na + exclusion mechanisms by transferring into selected crop species genes for salinity tolerance from model organisms (such as Arabidopsis) or from salt tolerant plants. A complementary approach focuses on the challenging task of reducing net input of salt into plants by perturbing the function of channels and transporters involved in sodium uptake but without disturbing potassium uptake. An ideal scenario contemplates the generation of transgenic plants with an enhanced capability for vacuolar salt sequestration combined with a reduced uptake of salt. While a number of genes involved in these processes have now been identified, the challenge is to switch these genes on at the appropriate time and in the appropriate tissues where they can be most effective. In order to achieve this aim, improved knowledge is required of gene promoters that are stress inducible and cell specific.
While it is clear that there are potentially many avenues for the generation of a genetically modified salt tolerant plant, there remain significant challenges. Although it is now possible to generate salt tolerant plants in a laboratory, it has yet to be shown whether this relates to actual yield improvements in the field. There are cases where using genetic modification to generate a salt tolerant plant has a negative effect on yield when no stress is present. It is clear, therefore, that more information on gene promoters is required to enable the activation of salt tolerant genes in specific tissues/cell types only when plants are grown in salt. Furthermore, there are areas of the world, such as Europe, where there remains considerable resistance to the acceptance of genetically modified plants. This may well be due to the lack of availability to consumers of clear, accurate information, as well as the prevalence of extremist views. A more open, transparent approach by scientists is required explaining the potential advantages and disadvantages of this technology. Only then will consumers be able to make their own informed choices about genetically modified organisms.
Recently, new breeding technologies have emerged which may overcome the limitations experienced with transgenic approaches. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR/Cas9), transcription activatorlike effector-based nucleases (TALENs), and zinc finger nucleases (ZNFs) are ways to make targeted alterations to a plant's DNA [197] . Collectively known as genome editing, these approaches can introduce SNPs, delete target regions of DNA, or insert DNA (such as genes). CRISPR/Cas9 was recently used to replicate the domestication of tomato by targeting known domestication genes in the wild salt tolerant tomato relative Solanum pimpinellifolium [198] . By simply targeting genes involved in self-pruning, the edited S. pimpinellifolium plants exhibited a phenotype more similar to its domesticated relative, while retaining its salinity tolerance [198] . Currently, there is no universal view as to whether genome editing technologies will be regulated in a similar way to more traditional GM approaches. The United States Department of Agriculture has announced it has no plans to regulate edited plants which contain modifications to DNA which could have been introduced through traditional breeding approaches. The European Union, however, has ruled that genome edited plants will still be subject to the same regulation as conventional genetically modified plants.
Future Directions
Crops growing on saline soils suffer severe reductions in yield due to both ionic and osmotic stresses. As considerable areas of farmland are currently affected by saline soils, much research has been undertaken to enhance crop salinity tolerance by exploitation of natural variation in salinity tolerance or through the generation of transgenic plants expressing genes shown to be important for salt tolerance. While salinity tolerant plants have been generated by both approaches, the focus should now be on the production of viable crop plants for farmers to grow in affected areas. For this to occur, the new cultivars of tolerant plants need to be tested under rigorous field conditions and those with enhanced salt tolerance and, as equally important, no yield penalties when grown in nonsaline conditions, now be passed on to breeders for incorporation into future crops.
Approaches are still required to help speed up the generation of salinity tolerant crops through the exploitation of natural variation. Deep and shallow coverage sequencing of already sequenced crops is helping to improve our understanding of salinity tolerance in species such as quinoa [169] , barley [170] , bread wheat [171] , and tomato [172] . Approaches using modern imaging technologies, as well as unmanned aerial vehicles for field phenotyping, are speeding up the identification of candidate genes underlying salt tolerance QTL. For example, a new locus related to transpiration use efficiency (TUE) was identified in rice [168] , providing a basis for testing the importance of early responses to salinity on yield in the field. Studying allelic variation of the characterized molecular components, such as HKT1, is another example of hypothesis driven approach that is valuable in identifying important allelic variants that will shed more light on functionality of individual genes [174] .
For transgenic plants, it is clear that there is still debate over their regulation and acceptance in today's society. This makes the pathway to target for many transgenic crops difficult. However, while it may take a long time for salinity tolerant transgenic crops to appear in the market place, there is still a need for using transgenic plants in proof of concept studies, which will enable a greater understanding of the mechanisms behind salinity tolerance and how to manipulate them. Already the use of transgenic plants shown us many genes that can be used to enhance salt tolerance and that control over when and where a gene is expressed is essential. As there are now multiple candidate genes, with potential for enhancing salinity tolerance, research should now focus more on identifying the controlling elements in a plant's genome, which dictate when and where a gene is expressed, and less on the identification of candidate genes. In addition, combinations of genes that have additive effects on salinity tolerance need to be identified, thereby allowing the production of the most optimal salt tolerant plants. When these factors are known, plants can be produced which have the ability to activate multiple genes for salinity tolerance in different areas of the plant but only when saline soils are experienced. These plants may be produced via traditional genetic modification techniques or by genome editing Although further research is clearly still required, considerable progress has been made in generating salt tolerant plants through the exploitation of natural variations and the generation of genetically modified organisms. The next step is to deliver salt tolerant crops to farmers. 
